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ORGANIC VAPORUET DEPOSITION USING 
AN EXHAUST 

GOVERNMENT RIGHTS 

0001. This invention was made with U.S. Government 
support under Contract No. DE-FC26-04NT42273 awarded 
by DOESSL. The government has certain rights in this inven 
tion. 

JOINT RESEARCH AGREEMENT 

0002 The claimed invention was made by, on behalf of, 
and/or in connection with one or more of the following parties 
to a joint university corporation research agreement: Princ 
eton University, The University of Southern California, and 
the Universal Display Corporation. The agreement was in 
effect on and before the date the claimed invention was made, 
and the claimed invention was made as a result of activities 
undertaken within the scope of the agreement. 

FIELD OF THE INVENTION 

0003. The present invention relates to organic light emit 
ting devices (OLEDs), and more specifically to systems and 
methods for deposition of materials onto Substrates utilizing 
organic vapor jet deposition. 

BACKGROUND 

0004 Opto-electronic devices that make use of organic 
materials are becoming increasingly desirable for a number 
of reasons. Many of the materials used to make Such devices 
are relatively inexpensive, so organic opto-electronic devices 
have the potential for cost advantages over inorganic devices. 
In addition, the inherent properties of organic materials. Such 
as their flexibility, may make them well suited for particular 
applications such as fabrication on a flexible Substrate. 
Examples of organic opto-electronic devices include organic 
light emitting devices (OLEDs), organic phototransistors, 
organic photovoltaic cells, and organic photodetectors. For 
OLEDs, the organic materials may have performance advan 
tages over conventional materials. For example, the wave 
length at which an organic emissive layer emits light may 
generally be readily tuned with appropriate dopants. 
0005. As used herein, the term “organic' includes poly 
meric materials as well as Small molecule organic materials 
that may be used to fabricate organic opto-electronic devices. 
“Small molecule' refers to any organic material that is not a 
polymer, and "Small molecules' may actually be quite large. 
Small molecules may include repeat units in some circum 
stances. For example, using a long chain alkyl group as a 
substituent does not remove a molecule from the “small mol 
ecule' class. Small molecules may also be incorporated into 
polymers, for example as a pendent group on a polymer 
backbone or as a part of the backbone. Small molecules may 
also serve as the core moiety of a dendrimer, which consists of 
a series of chemical shells built on the core moiety. The core 
moiety of a dendrimer may be a fluorescent or phosphores 
cent small molecule emitter. A dendrimer may be a “small 
molecule.” and it is believed that all dendrimers currently 
used in the field of OLEDs are small molecules. In general, a 
small molecule has a well-defined chemical formula with a 
single molecular weight, whereas a polymer has a chemical 
formula and a molecular weight that may vary from molecule 
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to molecule. As used herein, “organic' includes metal com 
plexes of hydrocarbyl and heteroatom-substituted hydrocar 
byl ligands. 
0006 OLEDs make use of thin organic films that emit 
light when voltage is applied across the device. OLEDs are 
becoming an increasingly interesting technology for use in 
applications such as flat panel displays, illumination, and 
backlighting. Several OLED materials and configurations are 
described in U.S. Pat. Nos. 5,844,363, 6,303,238, and 5,707, 
745, which are incorporated herein by reference in their 
entirety. 
0007 OLED devices are generally (but not always) 
intended to emit light through at least one of the electrodes, 
and one or more transparent electrodes may be useful in an 
organic opto-electronic devices. For example, a transparent 
electrode material, such as indium tin oxide (ITO), may be 
used as the bottom electrode. A transparent top electrode, 
such as disclosed in U.S. Pat. Nos. 5,703,436 and 5,707,745, 
which are incorporated by reference in their entireties, may 
also be used. For a device intended to emit light only through 
the bottom electrode, the top electrode does not need to be 
transparent, and may be comprised of a thick and reflective 
metal layer having a high electrical conductivity. Similarly, 
for a device intended to emit light only through the top elec 
trode, the bottom electrode may be opaque and/or reflective. 
Where an electrode does not need to be transparent, using a 
thicker layer may provide better conductivity, and using a 
reflective electrode may increase the amount of light emitted 
through the other electrode, by reflecting light back towards 
the transparent electrode. Fully transparent devices may also 
be fabricated, where both electrodes are transparent. Side 
emitting OLEDs may also be fabricated, and one or both 
electrodes may be opaque or reflective in Such devices. 
0008. As used herein, “top” means furthest away from the 
substrate, while “bottom' means closest to the substrate. For 
example, for a device having two electrodes, the bottom elec 
trode is the electrode closest to the Substrate, and is generally 
the first electrode fabricated. The bottom electrode has two 
Surfaces, a bottom Surface closest to the Substrate, and a top 
surface further away from the substrate. Where a first layer is 
described as “disposed over a second layer, the first layer is 
disposed further away from substrate. There may be other 
layers between the first and second layer, unless it is specified 
that the first layer is “in physical contact with the second 
layer. For example, a cathode may be described as “disposed 
over an anode, even though there are various organic layers 
in between. 

0009. As used herein, “solution processible” means 
capable of being dissolved, dispersed, or transported in and/ 
or deposited from a liquid medium, either in Solution or 
Suspension form. 
0010. As used herein, and as would be generally under 
stood by one skilled in the art, a first “Highest Occupied 
Molecular Orbital” (HOMO) or “Lowest Unoccupied 
Molecular Orbital” (LUMO) energy level is “greater than” or 
“higher than” a second HOMO or LUMO energy level if the 
first energy level is closer to the vacuum energy level. Since 
ionization potentials (1P) are measured as a negative energy 
relative to a vacuum level, a higher HOMO energy level 
corresponds to an IP having a smaller absolute value (an IP 
that is less negative). Similarly, a higher LUMO energy level 
corresponds to an electron affinity (EA) having a smaller 
absolute value (an EA that is less negative). On a conventional 
energy level diagram, with the vacuum level at the top, the 
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LUMO energy level of a material is higher than the HOMO 
energy level of the same material. A “higher HOMO or 
LUMO energy level appears closer to the top of such a dia 
gram than a “lower HOMO or LUMO energy level. 

SUMMARY OF THE INVENTION 

0011 Systems and methods for OVJD are provided where 
an exhaust is present between adjacent nozzles. It is believed 
that the exhaust reduces pressure in the region of the nozzle 
openings and between the nozzles and Substrate, leading to 
improved resolution and deposition profiles. The exhaust 
may be in fluid communication with ambient vacuum, Such as 
the vacuum created within a vacuum chamber. It may also be 
directly connected to a vacuum source. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0012 FIG. 1 shows an organic light emitting device hav 
ing separate electron transport, hole transport, and emissive 
layers, as well as other layers. 
0013 FIG. 2 shows an inverted organic light emitting 
device that does not have a separate electron transport layer. 
0014 FIG. 3 is a side view of an OVJD apparatus having 
an exhaust disposed adjacent to deposition nozzles. 
0015 FIG. 4A is a schematic front view of an OVJD 
apparatus having an exhaust disposed in a nozzle block. 
0016 FIG. 4B is a schematic top view of a nozzle block 
having two nozzles and an exhaust. 
0017 FIGS. 5A-5F show schematic top views of exem 
plary configurations of nozzles and exhausts in a nozzle 
block. 
0018 FIG. 6A is a schematic side view of an OVJD appa 
ratus having an exhaust in fluid communication with the 
ambient vacuum of a vacuum chamber. 
0019 FIG. 6B is a schematic side view of an OVJD appa 
ratus having an exhaust directly connected to an independent 
WaCUUSOC. 

0020 FIG. 6C is a schematic side view of an OVJD appa 
ratus having an exhaust directly connected to an evacuation 
Source of a vacuum chamber. 
0021 FIG. 7 shows boundary conditions for simulations 
of OVJD systems. 
0022 FIG. 8 shows an exemplary mesh used to model 
various OVJD systems. 
0023 FIG. 9 shows exemplary simulation results for a 
variety of mesh nodes. 
0024 FIGS. 10A-10D show simulation results for the 
Velocity, pressure, temperature, and total flux, respectively, 
for a simulation of a single nozzle system without an exhaust. 
0025 FIGS. 11A-11B show the raw and normalized depo 
sition profiles, respectively, for a simulation of a nitrogen 
carrier gas ejected from a nozzle in an OVJD System. 
0026 FIG. 12 shows the simulated deposition profile for 
various noZZle-substrate separations. 
0027 FIG. 13 shows the resulting (FWHM) for the sepa 
rations used for FIG. 12. 
0028 FIGS. 14A-14C show the velocity, pressure, and 
temperature, respectively, for a simulation of multiple 
noZZles ejecting different materials, without an exhaust dis 
posed between adjacent nozzles. 
0029 FIG. 14D shows the total flux for Material 1 in the 
same simulation illustrated in FIGS. 14A-14C. 
0030 FIG. 14E shows the total flux for Material 2 in the 
same simulation illustrated in FIGS. 14A-14C. 
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0031 FIG. 15 shows a simulated deposition profile for a 
multi-nozzle system having an exhaust. 
0032 FIGS. 16A-16C show the velocity, pressure, and 
temperature for a simulation of multiple nozzles ejecting 
different materials, with an exhaust disposed between adja 
cent nozzles. 
0033 FIG. 16D shows the total flux for Material 1 in the 
same simulation illustrated in FIGS. 16A-16C. 
0034 FIG.16E shows the total flux for Material 2 in the 
same simulation illustrated in FIGS. 16A-16C. 
0035 FIGS. 17A-17B show raw and normalized data, 
respectively, for simulated deposition profiles of materials 
ejected from a multi-nozzle nozzle block using various carrier 
gases. 
0036 FIG. 18 shows the simulated deposition profile for 
five nozzles depositing three materials at various noZZle 
Substrate separations in a system having an exhaust. 
0037 FIG. 19 shows simulation results for a multi-nozzle 
system with an exhaust between adjacent nozzles for various 
flow rates. 
0038 FIG. 20 shows simulated deposition profiles for a 
single nozzle of varying diameter. 
0039 FIG. 21 shows the FWHM of deposited materials 
for the same simulation as FIG. 20. 
0040 FIGS. 22A-22D show the velocity, pressure, tem 
perature, and total flux, respectively, for a single-nozzle simu 
lation. 
0041 FIG. 23 shows the deposition profile for the same 
simulation as FIGS. 22A-22D at various nozzle-substrate 
separations. 
0042 FIGS. 24A-24D show the velocity, pressure, tem 
perature, and total flux, respectively, for a single-nozzle simu 
lation. 

DETAILED DESCRIPTION 

0043 Generally, an OLED comprises at least one organic 
layer disposed between and electrically connected to an 
anode and a cathode. When a current is applied, the anode 
injects holes and the cathode injects electrons into the organic 
layer(s). The injected holes and electrons each migrate toward 
the oppositely charged electrode. When an electron and hole 
localize on the same molecule, an "exciton, which is a local 
ized electron-hole pair having an excited energy state, is 
formed. Light is emitted when the exciton relaxes via a pho 
toemissive mechanism. In some cases, the exciton may be 
localized on an excimer or an exciplex. Non-radiative mecha 
nisms, such as thermal relaxation, may also occur, but are 
generally considered undesirable. 
0044. A more detailed description of OLEDs can be found 
in U.S. Pat. No. 7,061,011 to Forrest et al., and U.S. Patent 
Application Pub. No. 2006/0279204 to Forrest et al., each of 
which is incorporated by reference in its entirety. 
0045 FIG. 1 shows an organic light emitting device 100. 
The figures are not necessarily drawn to scale. Device 100 
may include a substrate 110, an anode 115, a hole injection 
layer 120, a hole transport layer 125, an electron blocking 
layer 130, an emissive layer 135, a hole blocking layer 140, an 
electron transport layer 145, an electron injection layer 150, a 
protective layer 155, and a cathode 160. Cathode 160 is a 
compound cathode having a first conductive layer 162 and a 
second conductive layer 164. Device 100 may be fabricated 
by depositing the layers described, in order. 
0046 FIG. 2 shows an inverted OLED 200. The device 
includes a substrate 210, an cathode 215, an emissive layer 
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220, a hole transport layer 225, and an anode 230. Device 200 
may be fabricated by depositing the layers described, in order. 
Because the most common OLED configuration has a cath 
ode disposed over the anode, and device 200 has cathode 215 
disposed under anode 230, device 200 may be referred to as 
an “inverted OLED. Materials similar to those described 
with respect to device 100 may be used in the corresponding 
layers of device 200. FIG. 2 provides one example of how 
some layers may be omitted from the structure of device 100. 
0047 Generally, the layers of an OLED between the anode 
and the cathode are organic. Examples of materials for the 
anode include ITO, IZO, and AlZnO. Examples of materials 
for the cathode include ITO, IZO, and Mg: Ag with ITO. 
Examples of organic materials for the hole transport layer 
include O-NPD, TPD, and m-MTDATA doped with 
F-TCNQ. Examples of organic materials for the emissive 
layer include Ir(ppy), DCM. DMQA, Alq, CBP and mOP. 
Additional details and examples are provided in U.S. Pat. No. 
6.303.238 to Thompson et al., which is incorporated by ref 
erence in its entirety. Examples of organic materials for the 
electron transport layer include Alq and BPhen doped with 
Li. Examples of organic materials for the hole injection layer 
include CuPc, PEDOT:PSS, and MTDATA. Examples of 
organic materials for the protective layer include CuPc, BCP. 
and metal phthalocyanines. Many other organic materials are 
known in the art for use in the various layers of an OLED, and 
may be used with the concepts and devices described herein. 
0048. The simple layered structure illustrated in FIGS. 1 
and 2 is provided by way of non-limiting example, and it is 
understood that embodiments of the invention may be used in 
connection with a wide variety of other structures. The spe 
cific materials and structures described are exemplary in 
nature, and other materials and structures may be used. Func 
tional OLEDs may be achieved by combining the various 
layers described in different ways, or layers may be omitted 
entirely, based on design, performance, and cost factors. 
Other layers not specifically described may also be included. 
Materials other than those specifically described may be used. 
Although many of the examples provided herein describe 
various layers as comprising a single material, it is under 
stood that combinations of materials, such as a mixture of 
host and dopant, or more generally a mixture, may be used. 
Also, the layers may have various Sublayers. The names given 
to the various layers herein are not intended to be strictly 
limiting. For example, in device 200, hole transport layer 225 
transports holes and injects holes into emissive layer 220, and 
may be described as a hole transport layer or a hole injection 
layer. In one embodiment, an OLED may be described as 
having an “organic layer disposed between a cathode and an 
anode. This organic layer may comprise a single layer, or may 
further comprise multiple layers of different organic materi 
als as described, for example, with respect to FIGS. 1 and 2. 
0049. Devices fabricated in accordance with embodi 
ments of the invention may be incorporated into a wide vari 
ety of consumer products, including flat panel displays, com 
puter monitors, televisions, billboards, lights for interior or 
exterior illumination and/or signaling, heads up displays, 
fully transparent displays, flexible displays, laser printers, 
telephones, cell phones, personal digital assistants (PDAs), 
laptop computers, digital cameras, camcorders, viewfinders, 
micro-displays, vehicles, a large area wall, theater or stadium 
screen, or a sign. Various control mechanisms may be used to 
control devices fabricated in accordance with the present 
invention, including passive matrix and active matrix. Many 

Jun. 26, 2008 

of the devices are intended for use in a temperature range 
comfortable to humans, such as 18 degrees C. to 30 degrees 
C., and more preferably at room temperature (20-25 degrees 
C.). 
0050. The materials and structures described herein may 
have applications in devices other than OLEDs. For example, 
other optoelectronic devices such as organic Solar cells and 
organic photodetectors may employ the materials and struc 
tures. More generally, organic devices, such as organic tran 
sistors, may employ the materials and structures. 
0051 One method of depositing the layers in an OLED or 
other similar device is organic vapor jet deposition (OVJD), 
in which one or more nozzles are used to direct a flow of 
carrier gas and organic vapor toward a Substrate. OVJD is 
described in further detail in U.S. patent application Ser. Nos. 
10/233,470, filed Sep. 4, 2002, and Ser. No. 10/422,269, filed 
Apr. 23, 2003, the disclosure of each of which is incorporated 
by reference in its entirety. 
0052. When OVJD is used to deposit a patterned layer, 
Such as a patterned layer of pixels, it may be desirable to 
control the area in which material is deposited by each nozzle. 
For example, when depositing a layer of pixels it is desirable 
for each pixel to have the same shape and area; it is generally 
undesirable for deposited material to extend beyond the area 
in which a pixel is to be deposited. As a specific example, if 
different materials are ejected from adjacent nozzles, such as 
when a full-color pixel is to be created by depositing a red, 
green, and blue pixel in an adjacent region, it may be desirable 
for the different materials not to mix or overlap as they are 
deposited. When particles of carrier gas and/or organic vapor 
are ejected from one or more nozzles in OVJD, they may be 
ejected in a range of Velocities, some of which may not be 
exactly perpendicular to the substrate or other layer on which 
the organic material is to be deposited. This can result in 
“spreading of the deposited material—i.e., material being 
deposited in undesirable areas of the substrate. 
0053 To reduce or prevent such spreading, an exhaust 
may be placed adjacent to the deposition nozzles. FIGS. 
3A-3B shows one such configuration. An exhaust 300 is 
disposed adjacent to a first nozzle 310 and a second nozzle 
320. As explained below, the exhaust 300 may be in fluid 
communication with a vacuum source, such as an evacuation 
Source for a vacuum chamber or an independent vacuum 
Source. It may also be in fluid communication with ambient 
vacuum, Such as where the apparatus is disposed within a 
vacuum chamber. Material may be ejected from the nozzles 
310, 320 toward the substrate 110 and deposited in desired 
regions 315. It is believed that the exhaust 300 reduces pres 
sure in the region of the nozzle exits and between the nozzles 
and the Substrate by creating a localized vacuum between the 
nozzles, providing increased resolution and control over the 
deposition area. The deposited material may therefore have a 
resolution profile 330. For comparison purposes, an example 
deposition profile 340 that might result in the absence of the 
exhaust is also shown. 

0054 FIG. 3B shows a schematic top view of the nozzles 
and exhaust illustrated in FIG. 3A. When an exhaust 300 is 
disposed adjacent to two nozzles 310, 320 in the manner 
shown in FIGS. 3A-3B, it may be described as “between the 
two nozzles. 
0055 When an exhaust is disposed next to one or more 
nozzles, it may create a localized vacuum in a region near the 
nozzle(s). As used herein, a “localized vacuum' refers to an 
area of lower pressure than Surrounding or ambient regions. 
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Thus, even if the exhaust and nozzles are operated in, for 
example, a vacuum chamber, a localized vacuum may be 
created between the nozzles. This effect may occur even if the 
exhaust connects to the ambient vacuum, since higher pres 
sure will be created by ejection of material from the nozzles. 
In configurations where the exhaust is connected to a vacuum 
Source, the strength of the vacuum source may be adjusted to 
adjust the degree of the localized vacuum formed. 
0056 To perform OVJD, a non-reactive carrier gas trans 
porting an organic vapor is ejected from the nozzles 310,320. 
As used herein, a “non-reactive' carrier gas will be under 
stood to refer to a gas that does not react with the material 
being carried and/or deposited under the conditions normally 
associated with organic vapor deposition. The carrier gas and 
organic vapor impinge the Surface of the Substrate 110 and a 
thin layer of the organic material is deposited on the Substrate. 
The exhaust 300 creates a localized vacuum between the 
noZZles, which may reduce the pressure in the regions 
through which the organic material travels and is deposited on 
the Substrate. This may lead to an improved deposition pro 
file. In configurations where the exhaust is in fluid commu 
nication with a vacuum source, the vacuum source may be 
activated to provide the localized vacuum. 
0057. In some configurations, a nozzle block having a 
plurality of nozzles may be used, as shown in FIG. 4A. 
Nozzles 410 are arranged in a desired configuration within 
the nozzle block 400. One or more exhausts 420 may also be 
disposed in the nozzle block. For example, the exhausts 420 
may be passages extending through the otherwise solid 
nozzle block 400, thus connecting the region between adja 
cent nozzles to the ambient vacuum. The exhausts 420 may 
also be in fluid communication with or directly connected to 
a WaCUUSOUC. 

0058. A nozzle block may include multiple nozzles and/or 
exhausts in a variety of configurations. The number and spac 
ing of the nozzles and exhausts may depend on the materials 
to be deposited, a desired deposition pattern, or other criteria. 
FIGS. 5A-5F show schematic top views of exemplary con 
figurations of nozzles and exhausts in a nozzle block. The 
nozzles 510 and vacuum sources 520 may be arranged in any 
pattern, though an array may be preferred. As used herein, 
noZZles are configured in an "array' if the nozzles are 
arranged in a repeating pattern Such as a grid. For some 
applications, such as depositing an OLED, a rectangular array 
(i.e., the outer perimeter defined by the nozzles and/or 
exhausts is rectangular) may be preferred, though other con 
figurations can be used. Exhausts may be disposed between 
each pair of adjacent nozzles, as shown in FIG. 5A, or an 
exhaust may be placed adjacent having multiple nozzles as 
shown in FIG. 5B. In some configuration, an exhaust 530 may 
be disposed in an outermost region of the nozzle block. FIG. 
5C shows a linear, or "one-dimensional nozzle array. FIGS. 
5D-5F show additional exemplary configurations that may be 
used. As shown in FIG.5F, an exhaust may have any desirable 
cross-section, so that a single exhaust may be adjacent to 
multiple nozzles. Configurations other than those illustrated 
may be used. 
0059. The exhaust may be in fluid communication with a 
vacuum source. If the apparatus is disposed within a vacuum 
chamber, the exhaust may be in communication with the 
ambient vacuum created by an evacuation source of the cham 
ber. FIG. 6A is a schematic representation of an OVJD appa 
ratus having an exhaust, where the exhaust is in fluid com 
munication with the ambient vacuum of a vacuum chamber. A 
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nozzle block 600 disposed within a vacuum chamber 620 may 
have an exhaust 610 between nozzles in the block. An evacu 
ation source 630 is used to create a desired vacuum within the 
vacuum chamber 620. The exhaust 610 may be in fluid com 
munication with the ambient vacuum created within the 
vacuum chamber 620, creating a localized vacuum in the 
region between the jets. 
0060. In a linear nozzle array, the area between the nozzles 

is in fluid communication with an ambient vacuum via the 
"front” and “back of the array (i.e., out of and into the page 
in an array as illustrated in FIG. 4A). However, pressure 
buildup may still result in the region between adjacent 
nozzles and roughly in the plane defined by the linear array. 
For example, referring to FIG. 4B, a nozzle block 400 having 
two nozzles 410 is shown. Regions to the front and back of the 
block (440, 445), are in ambient vacuum. The region 450 
between the nozzles 410 may therefore be described as “in 
fluid communication with ambient vacuum. As previously 
noted, the flow paths between region 450 and regions 440, 
445 are not exhausts as used herein. Pressure buildup may 
occur in the region 450 as material is ejected from the nozzles. 
It therefore may be desirable to provide an exhaust 420 above 
the region 450 to decrease this pressure buildup. It may be 
preferred for the exhaust 420 to be a vertical exhaust through 
the nozzle block 400. As used herein, an exhaust is described 
as “in fluid communication with ambient vacuum' when it 
provides a flow path between a region of space and an ambient 
vacuum that would not exist in the absence of the exhaust. 
Thus, the exhaust in FIGS. 4A and 4B is not in fluid commu 
nication with the ambient vacuum to the front and back of the 
nozzle block 400, but is in fluid communication with the 
ambient vacuum above the nozzle block. 

0061. In general, an exhaust does not include a flow path 
parallel to the Substrate and extending from the region under 
the nozzle(s) to the edge of the Substrate as is present in most 
non-exhaust configurations. For example, the systems simu 
lated in FIGS. 10A-10D and 14A-14E include a flow path 
from the tip of each nozzle to each edge of the substrate, but 
these flow paths are not considered exhausts. In contrast, the 
systems simulated in FIGS. 16A-16E and 24A-24D have 
non-exhaust flow paths similar to those in FIGS. 10A-D and 
14A-E, but have additional exhausts in the form of flow paths 
through the nozzle blocks. It may be preferred for an exhaust 
to be a vertical or partially vertical passage through a nozzle 
block. An exhaust may also be, for example, a channel pass 
ing through a nozzle block, a tube disposed within a nozzle 
block, or any other structure. 
0062 Pressure buildups may be more pronounced at 
Smaller nozzle-Substrate separations, which may be desired 
for depositing high-resolution films as described below. It is 
believed that providing an exhaust between adjacent nozzles 
in this region can decrease this pressure buildup. It may be 
preferred for the exhaust to be roughly perpendicular to the 
Substrate (i.e., parallel to the nozzles) in this region. The 
exhaust may comprise a channel. Such as through a nozzle 
block, that connects to ambient vacuum at the channel end 
away from the nozzles. The channel may connect to ambient 
vacuum at the top of the nozzle block, as illustrated in FIG. 
4A, or it may connect to ambient vacuum on one or more sides 
of the nozzle block. It is believed that exhausts such as those 
illustrated in FIGS. 3-5 may decrease the pressure effects 
caused when a nozzle block is in close proximity to a Sub 
Strate. 
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0063. The exhaust may also be directly connected to a 
vacuum source. Such as by a pipe, tube, or other similar 
structure, as shown in FIGS. 6B and 6C. In FIG. 6B, the 
exhaust 610 is in fluid communication with and directly con 
nected to an independent (i.e., separate from the evacuation 
source 630) vacuum source 640. A direct connection may be 
made, for example, via a pipe, tube, or other structure that 
separates the connection between the vacuum source and the 
exhaust from the ambient vacuum. Similarly, in FIG. 6C the 
exhaust is directly connected to the evacuation source 630. It 
will be understood that the specific configurations shown in 
FIGS. 6A-6C are exemplary, and other arrangements of 
vacuum source and exhaust may be used. Although only a 
single exhaust is illustrated, similar structures may be used 
for other exhaust configurations, such as those shown in 
FIGS.5A-5F. For example, if the exhaust comprises multiple 
pathways through a nozzle block, each pathway may be con 
nected to a vacuum source. 

0064 Configurations such as those shown in FIGS. 6B and 
6C may be used to prevent currents formed in the vacuum 
chamber 620 from affecting a localized vacuum formed 
between nozzles. As the evacuation source 630 removes 
material from the vacuum chamber 620 while material is 
ejected from the nozzle block 600, various pressure gradients 
may be formed within the vacuum chamber, and specifically 
in the region between the nozzle block 600 and the substrate 
110. If the exhaust 610 is directly connected to a vacuum 
Source instead of the ambient vacuum, a localized vacuum 
may beformed between nozzles. A localized vacuum formed 
by such a configuration may be less likely to be altered by the 
movement of other material or changes in the ambient 
vacuum, and therefore may provide more consistent or con 
trollable results. The use of an exhaust may also allow for 
improved nozzle-to-nozzle uniformity, which can allow for 
uniformly predictable deposition independent of the number 
or configuration of nozzles used to deposit layers on the 
substrate. 

0065. The resolution of a film produced by an OVJD sys 
tem may also be influenced by the size of the nozzle openings, 
the nozzle spacing and the nozzle-substrate separation. As 
used herein “resolution” refers to the size, spacing, and sharp 
ness of areas in which material is deposited. In general, a 
higher resolution—i.e., Smaller, more sharply defined depo 
sition areas is desirable. For example, when used to fabri 
cate an OLED, it may be useful to use an array of nozzles, 
where each nozzle is used to deposit a single pixel. To achieve 
a higher-resolution display, it may be desirable for the pixels 
to be small and sharply-defined, with minimal separation 
between adjacent pixels. 
0066. To achieve a high resolution, it may be preferred to 
use a nozzle-substrate separation of about 2 microns to about 
20 microns, more preferably about 2 microns to about 10 
microns. Smaller nozzle-substrate separations may be desir 
able to reduce diffusive spreading of the ejected material. The 
nozzle-substrate separation refers to the distance from the 
upper Surface of the Substrate to the nozzle opening from 
which material is ejected. AnoZZle opening having a diameter 
of about 2 microns to about 50 microns, and more preferably 
about 2 microns to about 10 microns in diameter may be used. 
The nozzle-substrate separation and the nozzle diameter may 
be related. For example, a larger nozzle opening may require 
a greater nozzle-Substrate separation to prevent nozzle clog 
ging, Substrate damage, or undesirable pressure buildup. 
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Thus it may be desirable to select a nozzle diameter d for a 
nozzle substrates where the ratio d/s about 1.0 to about 2.5. 
0067. The resolution of a deposited film may also be 
affected by the flow rate of material ejected from the nozzle. 
In general, when a jet is not used, a lower flow rate may be 
more desirable. A flow rate corresponding to a velocity of 
about 1.0 m/s to about 100 m/s may be preferred, or more 
preferably about 0.01 m/s to about 10 m/s. Lower flow rates 
may be preferred to prevent buildup of pressure near the 
nozzle opening. Preferred velocities may also be related to 
and/or determined from the temperature of the ejected mate 
rial as it is ejected from the nozzle. Generally, a higher veloc 
ity may be preferred for higher-temperature material. The 
desired velocity may be scaled relative to about room tem 
perature; thus, a flow rate corresponding to a Velocity of (1.0 
m/s)xT/300 to (100 m/s)xT/300, or more preferably (0.01 
m/s)xT/300 to (10 m/s)xT/300, may be used, where T is the 
temperature of the ejected material in kelvins. 
0068. The carrier gas velocity may be increased so that the 
bulk flow velocity is at least on the order of the thermal 
velocity of the molecules, creating a jet' of material that is 
essentially unidirectional. In mathematical terms, this condi 
tion may be met when the mean velocity in the direction of the 
axis of the nozzle (the bulk flow velocity) is at least on the 
order of the mean absolute velocity in directions perpendicu 
lar to the axis of the nozzle (the thermal velocity). Preferably, 
the mean velocity in the direction of the axis of the nozzle is 
at least as great as the mean absolute velocity in directions 
perpendicular to the axis of the nozzle. The term “absolute” 
Velocity is used with respect to mean Velocity in directions 
perpendicular to the axis of the nozzle, because the mean 
velocity in those directions may be about Zero for every 
molecule moving to the left at a particular Velocity, there may 
be another molecule moving to the right at the same Velocity. 
Under the appropriate conditions of Substrate temperature, 
reactor pressure, and noZZle geometry, an array of sharp 
edged pixels with a resolution of about 1 micron is achievable 
with jet deposition if the nozzle-substrate separation, is 
within the molecular mean free path of the carrier gas. In 
addition, because of the unidirectional flow, use of a heavier 
carrier gas can provide better directionality of deposition and 
Subsequently sharper pixels. When a jet configuration is used, 
it may be preferred for the ejected material to have a flow rate 
equivalent to a velocity of about 100 m/s to about 400 m/s. 
These velocities also may be scaled based on the temperature 
of the ejected material as previously described. 
0069. The nozzle spacing, i.e., the distance from roughly 
the center of the opening of one nozzle to roughly the center 
of the opening of another nozzle, may also affect the resolu 
tion of a deposited layer. To achieve a high resolution, a 
nozzle spacing of about 50 microns to about 100 microns may 
be preferred. In general, a greater nozzle spacing may prevent 
mixing of material ejected from adjacent nozzles. 
0070. To model behavior of material ejected from one or 
more nozzles as it travels toward the substrate in OVJD, the 
following equations may be used: 
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These equations describe the velocity field U. pressure P. 
temperature T, concentration C. Viscosity L, thermal conduc 
tivity k, density p, and diffusivity D in the nozzle and the 
region between the nozzle and substrate. They may be used to 
create specific models as described below to predict values 
that can be used to achieve a desired resolution. 
0071. It is understood that the various embodiments 
described herein are by way of example only, and are not 
intended to limit the scope of the invention. For example, 
many of the materials and structures described herein may be 
substituted with other materials and structures without devi 
ating from the spirit of the invention. It is understood that 
various theories as to why the invention works are not 
intended to be limiting. For example, theories relating to 
charge transfer are not intended to be limiting. 

Material Definitions: 

0072. As used herein, abbreviations refer to materials as 
follows: 

CBP: 4,4'-N,N-dicarbazole-biphenyl 
m-MTDATA 4,4',4'-tris(3- 

methylphenylphenlyamino)triphenylamine 
Alq3: 8-tris-hydroxyquinoline aluminum 
Bphen: 4,7-diphenyl-1,10-phenanthroline 
n-BPhen: n-doped BPhen (doped with lithium) 
F-TCNQ: tetrafluoro-tetracyano-quinodimethane 
5-MTDATA: p-doped m-MTDATA (doped with F-TCNQ) 
r(ppy)3: tris(2-phenylpyridine)-iridium 
r(ppZ): tris(1-phenylpyrazoloto.N.C(2)iridium(III) 
BCP: 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline 
TAZ: 3-phenyl-4-(1'-naphthyl)-5-phenyl-1,2,4-triazole 
CuPc: copper phthalocyanine. 
TO: indium tin oxide 
NPD; N,N'-diphenyl-N-N'-dic1-naphthyl)-benzidine 
TPD: N,N'-diphenyl-N-N'-dic 3-toly)-benzidine 
BAlq: aluminum(III)bis(2-methyl-8-hydroxyquinolinato)4- 

phenylphenolate 
CP: 1,3-N,N-dicarbazole-benzene 

DCM: 4-(dicyanoethylene)-6-(4-dimethylaminostyryl 
2-methyl)-4H-pyran 

DMQA: N,N'-dimethylquinacridone 
PEDOT:PSS: an aqueous dispersion of poly(3,4- 

ethylenedioxythiophene) with polystyrenesulfonate (PSS) 

Experimental: 

0073 Specific representative embodiments of the inven 
tion will now be described, including how such embodiments 
may be made. It is understood that the specific methods, 
materials, conditions, process parameters, apparatus and the 
like do not necessarily limit the scope of the invention. 
0074. Using the equations described above, simulations 
were created and solved using the boundary conditions shown 
in FIG. 7. It was assumed that the temperature of the substrate 
is low enough that the concentration of organic material in the 
gas phase directly above the Substrate can be approximated as 
0. That is, it was assumed that there was no re-evaporation of 
deposited material. FIG. 8 shows the mesh used in creating 
the simulations; the mesh was defined within the nozzle 810 
and between the nozzle 810 and substrate 800. Models were 
constructed and solved numerically using Femlab. The 
example mesh shown in FIG. 8 further assumes a nozzle 
opening of 10 Lum and a substrate width of 210 um. Sample 
data was created to determine an appropriate number of nodes 
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to use in simulations, as shown in FIG. 9. The axis of sym 
metry 910 is shown for reference. There was little variation in 
results for more than about 1500 nodes; subsequent models 
therefore used approximately 1500 nodes. 
(0075 FIGS. 10A-10D show, respectively, the velocity, 
pressure, temperature, and total flux (including diffusive and 
convective) for a simulation of a single nozzle. The simula 
tion used a background pressure of 133 Pa and a nitrogen 
carrier gas with an inlet flow rate of 6.5x10 sccm (corre 
sponding to a Velocity of about 1.0 m/s). As can be seen from 
FIG. 10D, the flux at the surface of the substrate is directly 
proportional to the separation. Flux at the surface of the 
Substrate may be used to determine the deposition shape, 
since the accumulation (thickness) of material at the Surface is 
given by flux scaled by time. 
(0076 FIGS. 11A-1B show the deposition profiles (i.e., 
Surface flux) for a nitrogen carrier gas ejected from a 10 
micron nozzle at flow rates of 6.5x10" sccm (1104), 6.5x 
10 sccm (1105), and 6.5x10 sccm (1106), atabackground 
pressure of 1 torr. These flow rates correspond to velocities of 
about 100 m/s, 10 m/s, and 1.0 m/s, respectively. As seen from 
the figures, higher flow rates may reduce the surface flux due 
to a greater pressure differential. There may also be a foreline 
buildup of pressure at higher flow rates. This indicates that 
lower flow rates may generally provide a higher resolution. 
(0077 FIG. 12 shows the deposition profile for nozzle 
substrate separations of 10 microns (1210), 20 microns 
(1220), and 40 microns (1240); FIG. 13 shows the resulting 
full width at half maximum (FWHM) for the same separa 
tions. The resolution may be improved with smaller nozzle 
Substrate separations since the space and time for diffusive 
spreading is decreased. These results are consistent with 
those in Shtein et al., “Direct mask-free patterning of molecu 
lar semiconductors using organic vapor jet printing.” J. Appl. 
Phys., v. 96, No. 8, Oct. 15, 2004. The resulting FWHM may 
be used to determine nozzle spacing in a multi-nozzle system. 
(0078 FIGS. 14A-14C show the velocity, pressure, and 
temperature for a simulation of a multiple-nozzle system 
ejecting different materials, without an exhaust disposed 
between adjacent nozzles. FIG. 14D shows the total flux for 
Material 1: FIG. 14E shows the total flux for Material 2. The 
diffusivity of each material was about equal at a given tem 
perature and pressure (i.e., although the pressure and tem 
perature vary throughout the simulation space, the diffusivi 
ties vary accordingly). The simulation used a background 
pressure of 133 Pa and a nitrogen carriergas with an inlet flow 
rate of 6.5x10 sccm (corresponding to a velocity of about 
1.0 m/s) at each nozzle. As seen by comparing FIG. 14B to 
FIG. 10B, a much higher buildup of pressure occurs in the 
multi-nozzle configuration. 
(0079 FIG. 15 shows a deposition profile for a multi 
nozzle system having an exhaust between each adjacent pair 
of nozzles. The profile for three materials (1512, 1522, 1532) 
deposited from five nozzles is shown; a profile for the same 
configuration but without an exhaust is shown for reference 
(1511, 1521, 1531). The nozzle spacing of 60 microns (1550) 
was determined from the FWHM. FIG. 15 shows that an 
exhaust between adjacent nozzles reduces pressure variation, 
and therefore the diffusivity/flux variation. 
0080 FIGS. 16A-16C show the velocity, pressure, and 
temperature for a simulation of a multiple-nozzle system 
ejecting different materials, where an exhaust is disposed 
between each pair of adjacent nozzles. FIG. 16D shows the 
total flux for Material 1: FIG. 16E shows the total flux for 
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Material 2. The diffusivity of each material was about equal at 
a given temperature and pressure. The simulation used a 
background pressure of 133 Pa and a nitrogen carrier gas with 
an inlet flow rate of 6.5x10 sccm (corresponding to a veloc 
ity of about 1.0 m/s) at each noZZle. As seen by comparison to 
FIGS. 14A-14E, and specifically comparison of FIGS. 16B 
and 14B, the buildup of pressure is greatly reduced in the 
configuration having an exhaust. This difference in pressure 
buildup is believed to explain the difference in deposition 
profiles illustrated in FIG. 15. 
I0081 FIGS. 17A-17B show deposition profiles for mate 
rials ejected from a multi-nozzle nozzle block using nitrogen 
and helium as carrier gases. The plots 1710, 1720 and 1730 
show Material 1, 2 and 3, respectively, using helium as a 
carrier gas. The plots 1711, 1721 and 1731 show Material 1, 
2 and 3, respectively, using nitrogen as a carrier gas. The 
normalized data is shown in FIG. 17B. These results indicate 
that the carrier gas molecular weight and background pres 
sure have little effect on the deposition profile. As both the 
molecular weight and background pressure are decreased, the 
magnitude of flux increases. This is likely due to less material 
being removed due to convection. 
0082 FIG. 18 shows the simulated deposition profile for 
five nozzles depositing three materials at nozzle-substrate 
separations of 10 and 20 microns, with an exhaust between 
each pair of adjacent nozzles. The simulation assumed a 
background pressure of 133 Pa and a nitrogen carrier gas with 
an inlet flow rate of 6.5x10 sccm (which corresponds to a 
velocity of about 1.0 m/s). For the simulated materials, the 
reduced mass was assumed to be the same for all diffusivities. 
The deposition profile shows simulated deposition of Mate 
rials 1, 2 and 3 at separations of 10 microns (1811, 1821, 
1831, respectively) and 20 microns (1812, 1822, 1832, 
respectively). These results indicate that minimizing the 
separation distance may minimize the FWHM of deposited 
material, and Suggest that a larger spacing between noZZles 
may be desirable. 
0083 FIG. 19 shows a simulation of a multi-nozzle system 
with an exhaust between adjacent nozzles for flow rates cor 
responding to Velocities of 1.0 m/s and 1000 m/s. The simu 
lation assumed a background pressure of 133 Pa and constant 
reduced masses across all diffusivities. Deposition profiles 
are shown for Materials 1, 2 and 3 at flow rates of 6.5x10 
sccm (1910, 1920, 1930, respectively) and 6.5x10 sccm 
(1916, 1926, 1936, respectively). These flow rates correspond 
to a nozzle velocity of 1000 m/s and 1.0 m/s, respectively. The 
results shown in FIG. 19 indicate that in the multi-nozzle 
system with exhaust, higher deposition rates generally lead to 
less desirable deposition profiles. 
0084 FIG. 20 shows the deposition profiles for a single 
noZZle of varying diameter at a background pressure of 133 
Pa and a flow rate corresponding to a velocity of 1.0 m/s. 
Deposition profiles for nozzle diameters of 10 microns 
(2010), 50 microns (2050), and 70 microns (2070) are shown. 
FIG. 21 shows the FWHM of deposited material for the 
noZZle sizes of 10, 30, 50, and 70 microns at flow rates of 
6.5x10 sccm (2140) and 6.5x10 sccm (2160), which cor 
respond to nozzle velocities of 100 m/s and 1.0 m/s, respec 
tively. The results illustrated in FIGS. 20-21 indicate that an 
increased nozzle size generally results in a decreased resolu 
tion, and higher flow rates may also decrease the resolution. 
I0085 FIGS. 22A-22D show, respectively, the velocity, 
pressure, temperature, and total flux for a single nozzle with 
a 70 micron opening. The simulation assumed a background 

Jun. 26, 2008 

pressure of 133 Pa and a flow rate of 6.5x10" sccm, which 
corresponds to a velocity of 100 m/s. FIG. 23 shows the 
deposition profile for the same simulation at nozzle-substrate 
separations of 20 microns (2320) and 40 microns (2340). The 
simulation results indicate that in a single nozzle system, a 
Smaller Substrate-nozzle separation may provide better reso 
lution and a sharper deposition shape. 
I0086 FIGS. 24A-24D show, respectively, the velocity, 
pressure, temperature, and total flux for a single nozzle with 
a 70 micron opening at a nozzle-Substrate separation of 20 
microns. The simulation assumed a background pressure of 
133 Pa and a flow rate of 6.5x10" sccm, which corresponds 
to a velocity of 100 m/s. 
0087. The simulation results described above indicate that 
the maximum resolution in an OVJD system may beachieved 
at the minimum nozzle-substrate separation. The resolution 
of the deposited layer may be increased by use of a relatively 
low carrier gas flow rate. At the low flow rates believed to be 
desirable in achieving a high resolution, the carrier gas goes 
not play a large role in the deposition profile. For example, the 
molecular weight of the carrier gas generally does not influ 
ence the deposition profile. The results further indicate that 
providing an exhaust between adjacent nozzles can improve 
the deposition profile and resolution of the deposited layer. 
I0088 Although the simulations shown above are for a 
linear, one-dimensional array of nozzles, the results general 
ize to any nozzle array. For example, the linear multi-nozzle 
simulations provide the exact results for an annular array (i.e., 
an array formed by rotation of the linear array around the 
center nozzle). The results also provide at least a first-order 
approximation of the results that would be expected for a 
rectangular array, and it is believed that the simulations accu 
rately predict deposition profile and resolution trends for any 
arbitrary noZZle array. 
I0089. While the present invention is described with 
respect to particular examples and preferred embodiments, it 
is understood that the present invention is not limited to these 
examples and embodiments. The present invention as 
claimed therefore includes variations from the particular 
examples and preferred embodiments described herein, as 
will be apparent to one of skill in the art. 

What is claimed is: 
1. A method of depositing material on a Substrate, com 

prising: 
providing one or more non-reactive carrier gases, each 

non-reactive carrier gas transporting an organic material 
to be deposited; 

using a plurality of nozzles, ejecting the one or more carrier 
gases toward the Substrate; and 

providing an exhaust disposed adjacent to a first of the 
plurality of nozzles and to a second of the plurality of 
nozzles; 

wherein the exhaust is configured to create a localized 
vacuum between the first nozzle and the second nozzle. 

2. The method of claim 1 wherein the exhaust is in fluid 
communication with an ambient vacuum. 

3. The method of claim 1 wherein the exhaust is directly 
connected to a vacuum source. 

4. The method of claim 3 wherein the vacuum source is an 
evacuation source for a vacuum chamber. 

5. The method of claim 3 wherein the vacuum source is an 
independent vacuum source. 
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6. The method of claim 1 further comprising providing an 
exhaust between the first of the plurality of nozzles and each 
of the plurality of nozzles directly adjacent to the first nozzle. 

7. The method of claim 1 wherein the substrate is separated 
from the plurality of nozzles by 2 microns to 20 microns. 

8. The method of claim 1 wherein the substrate is separated 
from the plurality of nozzles by 2 microns to 10 microns. 

9. The method of claim 1 wherein carrier gas is ejected 
from each nozzle from an opening 2 microns to 50 microns in 
diameter. 

10. The method of claim 1 wherein carrier gas is ejected 
from each nozzle from an opening 2 microns to 10 microns in 
diameter. 

11. The method of claim 1 wherein: 
the carrier gas is ejected from each of the plurality of 

nozzles from a nozzle opening having a diameter d: 
the nozzles are separated from the Substrate by a distances; 

and 
the ratio d/s is 1.0 to 2.5. 
12. The method of claim 1 wherein the carrier gas is ejected 

with a velocity of 0.01 um/s to 10 m/s. 
13. The method of claim 1 wherein the carrier gas is ejected 

with a velocity of 1.0 m/s to 100 m/s. 
14. The method of claim 1 wherein the carrier gas is ejected 

with a velocity of (0.01 m/s)xT/300 to (10 m/s)xT/300, where 
T is the temperature of the carrier gas in kelvins as it is ejected 
from the nozzle. 

15. The method of claim 1 wherein the plurality of nozzles 
are disposed in a nozzle block. 
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16. The method of claim 15 wherein the exhaust is disposed 
closer to the center of the nozzle block than at least one of the 
plurality of nozzles. 

17. The method of claim 15 wherein the nozzle block is a 
linear nozzle block. 

18. The method of claim 15 wherein the plurality of nozzles 
are arranged in a two-dimensional array. 

19. The method of claim 1 further comprising ejecting a jet 
of carrier gas from each of the plurality of nozzles. 

20. The method of claim 19 wherein the carrier gas is 
ejected with a velocity of 100 m/s to 400 m/s. 

21. The method of claim 19 wherein the carrier gas is 
ejected with a velocity of (100 m/s)xT/300 to (400 m/s)xT/ 
300, where T is the temperature of the carrier gas in kelvins as 
it is ejected from the nozzle. 

22. The method of claim 1 wherein the nozzle spacing is 50 
microns to 85 microns. 

23. A system comprising: 
a Substrate; 
a plurality of nozzles disposed over the Substrate, each 

nozzle in fluid communication with: 
a source of material to be deposited on the Substrate; and 
a source of carrier gas adapted to carry the material 

through the nozzle to the substrate; and 
an exhaust disposed adjacent to a first of the plurality of 

nozzles and to a second of the plurality of nozzles; 
wherein the exhaust is configured to create a localized 
vacuum between the first nozzle and the second nozzle. 

ck : * : *k 


